Putrescine and spermidine uptake into carrot (Dauwas carota L.) cells in culture was studied. The time course of uptake showed that the two polyamines were very quickly transported into the cells, reaching a maximum absorption within 1 minute. Increasing extenal polyamine concentrations up to 100 millimolar showed the existence of a biphasic system with different affities at low and high polyamine concentrations. The cellular localization of absorbed polyamines was such that a greater amount of putrescine was present in the cytoplasmic soluble fraction, while spermidine was mostly present in cell walls. The absorbed polyamines were released into the medium in the presence of increasing external concentrations of the corresponding polyamine or Ca2'. The effects of Ca2' were different for putrescine and spermidine; putrescine uptake was slightly stimulated by 10 micromolar Ca2l and inhibited by higher concentrations, while for spermidine uptake there was an increasing stimulation in the Ca2 concentration range between 10 micromolar and 1 millimolar. La3+ nullified the stimulatory effect of 10 micromolar Ca" on putrescine uptake and that of 1 millimolar Ca2" on spermidine uptake. Ia3 at 0.5 to 1 millimolar markedly inhibited the uptake of both polyamines, suggesting that it interferes with the sites of polyamine uptake. Putrescine uptake was affected to a lesser extent by metabolic inhibitors than was spermidine uptake. It is proposed that the entry of polyamines into the cells is driven by the transmembrane electrical gradient, with a possible antiport mechanism between external and internal polyamine molecule.
Up to a few years ago, evidence suggesting that polyamines could be considered plant growth substances was scarce. Much of the evidence, such as their ubiquity, their endogenous titer, their cationic nature, and fluctuation in response to the action of other plant hormones, rather favored their role as 'second messengers' in mediating intracellular hormonal effects (6, 8) . In addition the lack of studies on their interactions with proteins, and on their uptake and translocability, could not disprove this hypothesis. Evidence that polyamines could be taken up and translocated in isolated apple corymbs (1) suggested that we initiate a systematic study on the mechanism of polyamine uptake in plant cells. The basic characteristics of putrescine transport have been described for some microorganisms, such as Anacystis nidulans, Escherichia coli, and Aspergillus nidulans (12, 14, 22, 23) , and animal cells (17, 19) .
In previous work (3, 18) In addition the data on intracellular locWalization suggested that the vacuole, which represents a substantial part ofthe volume of Saintpaulia parenchyma cells, could be a site of polyamine accumulation.
We investigated the characteristics ofpolyamine transport and its mechanism in a mitotically active experimental system using carrot cell suspensions. This paper describes our studies on the transport of polyamines in carrot cells, their interaction with Ca2+ and the competition between polyamines and some oftheir analogs.
MATERIAIS AND METHODS
The carrot (Daucus carota L., wild type) cell line MM2 was cultured in B-5 solid medium (9) containing 2% sucrose, 1 mg L-l 2,4-D, and 0.25 mg L`benzylaminopurine. [1,4- Fractionation. The method used was specific for cell wall isolation (10) . Four samples exposed to labeled polyamine as in the uptake experiments, plus 1 mm Ca2" for spermidine uptake, were combined and ground in a mortar in 6 ml of 1 for 30 min and the pellet, with the particulate fraction, was resuspended in 1 ml of buffer. A 0.l-ml aliquot of each fraction was added to scintillation cocktail to determine radioactivity. In some experiments this fractionation procedure was executed after an efflux study in the presence of 2.5 mm polyamine or Ca" performed as in the above-cited method.
Polyamine Analysis. Polyamines were extracted, separated and detected by the method of direct dansylation described by Smith and Best (21) using precoated Silica Gel 60 TLC plates with concentrating zone with ethylacetate:cyclohexane (2:3, v/v) as the solvent. Spots were scraped from the plates, extracted with acetone on a Vortex mixer, and centrifuged. Fluorescence was measured with a spectrofluorimeter (excitation 360 nm, emission 505.5 nm) and results compared with dansylated standards chromatographed under the same conditions and verified with cochromatography.
RESULTS
General Characteristics. The time course of uptake showed that putrescine and spermidine were very quickly transported into the cells. As shown in Figure 1 , the two polyamines supplied at 1 AM concentration took 1 min to reach maximum absorption and this value rose only slightly in the following 48 h (data not shown). In particular, on the basis of the total number of moles absorbed compared with those supplied, we calculated that after 30 s the cells were able to absorb up to 52% of external polyamine. Experiments performed with the same cell line, but which had been growing on liquid B-5 medium,gave the same pattern for the time course of the uptake so, for practical reasons, further experiments were carried out using callus cultures grown on solid medium.
The number of cells in the suspension influenced uptake, as shown in Figure 2 . Decreasing the cell number in 5 ml ofmedium gave higher uptake values up to a maximum dilution value (corresponding to the highest uptake value in the figure) exceeding which uptake decreased. This was probably due to the Figure 1 ; the uptake was allowed to proceed for 30 min.
increased availability of polyamine for each cell. In fact, as can be seen in Figure 3 , the effect ofincreasing the external polyamine concentration induced a rapid increase in the amount of putrescine absorbed. Furthermore polyamine uptake in relation to external concentration showed a biphasic pattern with different affinities at low andhigh polyamine concentrations. Increasing the external concentration to 5 mm ( Fig. 3 Figure 3 . 0, uptake after 30 min; 0, experiments performed in 20 s.
The effect of pH on uptake reflected the pattern previously found in Saintpaulia petals (3, 18) with an optimum pH value at 5 and another peak at 8 for both putrescine and spermidine but pH dependence was more pronounced for putrescine. Thus all the experiments were performed at pH 5.
Labeled polyamine release from the cells increased in the presence of external polyamine concentrations up to 2.5 mM, while it was very low in its absence (Figs. 5 and 6). Replacing external putrescine with Ca2l gave the same results for the release of this polyamine (Fig. 5) , while spermidine release in the presence of Ca2" was lower as this cation, at 2.5 mm, caused at most 45% release of the spermidine absorbed (Fig. 6) .
Cellular Localization of Polyamines. The study on the localization of the absorbed polyamine in the cell was done by cell fractionation under two different conditions: after a normal uptake experiment and after an efflux experiment in the presence (Table I) . After its release in the presence of 2.5 mm external spermidine, the amount of radioactivity recovered in the cells was 16.3% ofthe control. The extent of this release was different in the three fractions, in particular the release of spermidine from the cytoplasmic soluble fraction was lower, as shown by the high percentage of spermidine present in this fraction after the efflux experiments (Table   I) .
Effect of Ca" and La3. Calcium has been found to stimulate amino acid transport at millimolar concentrations (4, 20) ; in our system we found two different situations: calcium, supplied as CaCl2, was only partially necessary for putrescine uptake and at 1 mM concentration strongly inhibited it (data not shown). At low calcium concentrations (10 ,M), a stimulation of putrescine uptake was observed, while higher levels were markedly inhibitory (Fig. 7) . Spermidine uptake displayed a strong Ca2+-dependence, in fact there was an increasing stimulation of uptake in the Ca2+ concentration range between 10 Mm and 1 mm (Table II) . In order to better understand the role of calcium in polyamine uptake, we studied the effect of La", a competitive inhibitor of Ca2+ uptake (15) . As shown in Fig.7 , 10 uM La3, supplied as La(NO3)3 or La(Cl)3, nullified the stimulatory effect of calcium on putrescine uptake, while higher concentrations were highly inhibitory; in particular 0.5 mM La3+ inhibited putrescine uptake by 97% both in the presence and absence of 10 gM Ca2".
Regarding spermidine uptake, La3+ concentrations of up to 100 Mm exerted a stimulatory effect both in the presence and in the absence ofequal concentrations ofCa2', but 1 mM La3+ markedly inhibited uptake even in the presence of 1 mm Ca2" (Table II) .
Effect of Inhibitors. The endogenous content of free polyamines measured in carrot cells was 417.1, 70.5, and 32.5 gM, respectively, for putrescine, spermidine, and spermine. Thus at least for putrescine, a great part of the uptake in system I (Fig.  3) occurred against a concentration gradient. The effect of various inhibitors was investigated in order to find the driving forces for this uptake. The study was difficult because most of the compounds tested were soluble only in solvents, such as ethanol or DMSO, which themselves inhibited uptake at some concentrations (Table III) were used at low levels (1% maximum) where no effect due to the solvent alone was observed on uptake (Table III) . The lack of membrane permeabilization was confirmed by testing putrescine efflux in the presence of 0.1 mM CCCP (solvent 1%); in fact, as shown in Figure 5 , efflux data for putrescine did not change, while 0.5 mM CCCP (solvent 5%) slightly increased it in the absence of external putrescine.
The inhibitors tested were found to affect putrescine and spermidine uptake differently. Putrescine uptake (Table III) was inhibited only by the uncoupler 2,4-DNP; this inhibition was concentration-dependent and increased with increasing preincubation time from 10 to 30 min. CCCP, another uncoupler and protonophore, had no effect on putrescine uptake. DCCD, DES, and Na-orthovanadate were tested because they were known to inhibit the H+-ATPase of the plasmalemma but their effect was very low or absent. NEM, a thiol-reacting compound, was dissolved in water and had no effect on putrescine uptake. In conclusion the inhibitors tested, all affecting mainly the pH gradient and consequently the proton-motive force, did not have a determining effect on putrescine uptake both at low and high concentrations of the polyamine and both in the presence and absence of Ca2".
Spermidine uptake, in contrast to putrescine, was affected by 0.1 mM CCCP both in the presence and in the absence of Ca2' (Table IV) . In our system, CCCP at this concentration also inhibited arginine uptake (Table IV) . NEM had no effect on spermidine uptake.
Effect of Cations and Anions. The effect of nitrate was investigated as it is known to inhibit the tonoplast ATPase at high concentrations (50-100 mM) (5). We found a strong inhibitory effect on putrescine uptake with KNO3 and NaNO3 at 70 and 100 mm concentrations (Table V) , the same inhibition was observed with KCI so we are confident that the effect is due to the cations and not to nitrate as a specific inhibitor of the H+-ATPase of the vacuole.
Effect of Polyamines and Analogs. The uptake of 25 #M putrescine was inhibited by an equal concentration of 1,3-DAP and higher concentrations of spermidine and cadaverine (Table   VI) . Spermidine uptake was affected by MGBG, a competitive inhibitor of S-adenosylmethionine decarboxylase, only when both compounds were present at 500 Mm concentration. Finally, the uptake of 500 jSM spermidine was inhibited 20% by 1 mm putrescine (Table VI) .
DISCUSSION
This study shows that carrot cells seem suitable for polyamine transport studies. In fact, compared with Saintpaulia petals (3, 18) , the transport system for polyamines in these cells is much faster. The results presented here show that the uptake of polyamines is similar to amino acid transport (7, 13) in that there is a biphasic system at low and high external polyamine concentrations. A biphasic system for polyamine transport was also found in rabbit lung slices (RF Minchin, personal communication). In system I, 40 to 50% of the polyamines, present in the external medium at concentration ranging between 1 and 100 gM, are transported into the cells. At saturation levels this percentage is lower (7-12%) indicating that saturation is not caused by a depletion ofthe external pool; on the contrary, in the low affinity system (Fig. 4) , 0.6% at most of the exogenous polyamine is recovered inside the cell.
While the absorbed putrescine was localized mostly in the cytoplasmic soluble fraction, spermidine was found mostly in the cell waLs. These findings are in agreement with those found for endogenous polyamines in the cell walls of mung bean hypocotyls (11) . The intracellular localization of the absorbed polyamines was also confirmed by a general decrease of radioactivity not only in the cell walls but also in the particulate and cytoplasmic soluble fractions isolated after an efflux experiments (Table I) .
With regard to the calcium effects, this cation has been found to be necessary in several transport studies (4, 16, 20) . In our system, however, 0.5 mM Ca2+ inhibited putrescine uptake, possibly because of a competition with the polyamine. The strong inhibition of uptake due to La" cannot be ascribed to an effect on calcium but directly to an effect on putrcine. La3+ does not enter into the cells and it is believed to bind to outer membrane sites normally occupied by Ca2? (15) ; in our case La" probably interferes with polyamine binding to sites necesary for its trans- The transport system for spermidine is apparently more specific and selective as revealed by competition experiments in which it can be seen that only putrescine uptake is affected by the presence of fairly low concentrations of other compounds, while spermidine uptake is affected only at very high concentrations of these compounds. It should be also taken into account that the two polyamines, after the uptake experiments, have a different compartmentation in the cell that could explain these results. Experiments designed to investigate the driving forces for polyamine uptake demonstrated that it is only partially inhibited by metabolic inhibitors; thus, polyamine uptake is not completely energy-dependent. Since polyamines are protonated at the pH values used in these experiments, with charges of z = 2 and z = 3, respectively for putrescine and spermidine, it is likely that they accumulate severalfold inside the cell as a result of the electrical gradient even in the absence of an active transport. However, the effiux experiments with exogenous polyamines or Ca24 could suggest an antiport mechanism between the external and internal polyamine where, at least in the case of putrescine, the external polyamine molecule can be substituted by Ca24. These results are not in agreement with the unidirectional polyamine transport found in E. coli (14) .
As there is substantial evidence for interactions between polyamines and cell walls, we will further examine polyamine uptake and compartmentation in protoplasts.
